ABSTRACT A novel design method of microstrip diplexer without extra matching circuit is proposed in this paper. Because of the synthesizable circuit parameters and controllable transmission zeros (TZs) in composite resonator (CR) cell, diplexer A based on CR cell is proposed. By allocating TZs at center frequency of the opposite channel, as well as the using of impedance transformations of J -inverters, high isolation and good passband selectivity are realized in diplexer A without extra matching circuit. In order to improve the stopband performance, diplexer B based on coupled CR cells is proposed. Furthermore, diplexer B using the proposed design method is implemented by directly combining two bandpass filters (BPFs), which simplifies significantly the design process of diplexers. Diplexer A operated at 1/1.2 GHz and diplexer B operated at 1/1.5 GHz are designed and fabricated. The measured isolation characteristics in diplexer A and diplexer B are all higher than 40 dB. Good agreements between simulated and measured results are achieved, which successfully verifies the proposed design method of diplexers.
I. INTRODUCTION
Diplexers play an essential and significant role in the radio frequency (RF) front ends of the transceiver. Diplexers with multiple transmission zeros (TZs) and high isolation level are highly demanded in the modern wireless communication systems. Several advanced resonators such as slotlineloaded microstrip ring resonators [1] , simple coupled line resonators [2] , short stub-loaded composite right/left-handed resonators [3] , defected ground resonators [4] , [5] , cavity resonators [6] , [7] , and coplanar waveguide resonators [8] , [9] are successfully employed in bandpass filters (BPFs). The matching networks in diplexers ensure that BPFs match well in their working frequencies. Therefore, researches on the matching circuits have been also a hot point in recent years.
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E-stub-loaded composite right-/left-handed (ESL-CRLH) resonators and quasi-lumped impedance matching network are applied to triplexer in [10] . Meanwhile, miniaturized size and high isolation are simultaneously acquired. In [11] - [13] T-shape resonator, spiral resonator, and composite right/left handed (CRLH) resonator are adopted as common resonators in diplexers for size reduction. Three-line coupled structure is utilized in the common port to achieve good isolation between two channels [14] . However, the process of obtaining the desired coupling in two channels may be a time-consuming work. T-junction as the most common and original approach is widely applied in the design of diplexers [15] - [21] . When the BPFs are designed at desired frequencies, BPFs are usually combined by a T-junction to keep good matching and isolation between two BPFs. Because the T-junction does not contribute the resonant mode and the microstrip lines related T-junction inevitably occupy extra area of the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ circuit, T-junction can be seen as extra matching circuit in diplexers. By using I/O stub-loaded resonator [16] , separated electric and magnetic coupling (SEMC) [17] , embedded scheme resonator (ESR) [18] , and signal-interference stepped-impedance lines [19] , TZs are created at both sides of the passband, improving the selectivity of both channels. In [8] , a method of manipulating attenuation poles is proposed for diplexer design, and its isolation performance is improved greatly. However, lumped elements shall be used in the final circuit. Half-wavelength tapped-fed steppedimpedance resonators are proposed as matching circuits for microstrip triplexers in [22] . The stepped-impedance resonators serve as a through pass at the center frequency of a BPF. Diplexers with fully reconfigurable characteristics are proposed in [23] and [24] , TZs are observed in the opposite channel, the matching conditions and processes between two channels are not studied in detail. In [25] , the concept of dual-behavior resonator (DBR) is proposed. Then a different concept, called the composite resonator (CR), is proposed in [26] and the synthesis theory of BPFs is developed from lumped circuit. Both DBR and CR have the advantages of being independently controllable TZs and having synthesizable circuit parameters. Nevertheless, studies on the diplexer without extra circuit based on the synthesis theory of BPF using CR cells are still rare.
In this paper, diplexer A based on CR cells is synthesized by lumped element circuit and ideal transmission line circuit without extra matching network. Upon the proposed design method, diplexer B based on the coupled CR cells is proposed to improve the stopband performance. Compared with the diplexers using T-junction, the proposed diplexers can be directly combined by two BPFs without T-junction, which simplifies the design process. Diplexer A operated at 1/1.2 GHz and diplexer B operated at 1/1.5 GHz are designed and fabricated to verify the proposed design method can be used to design high isolated diplexers with different frequency ratios. The measured isolation level of the proposed two diplexers are higher than 40 dB. Moreover, simulated and measured results match well with each other.
The rest of this paper is arranged as follows. In Section II, BPFs using CR cells are analyzed and their applications to diplexers are discussed. Moreover, the synthesis and design method of the diplexer A without extra matching circuit are further put forward. In Section III, diplexer B based on coupled CR cells is designed by the aforementioned design method. Finally, the conclusions are presented in Section IV.
II. DIPLEXER A BASED ON CR CELLS
A. BPFS USING CR CELLS Fig. 1(a) is the equivalent circuit of a second order BPF using shunted LC resonator cells and J -inverters. The correlation among inductance (L ri ), capacitance (C ri ) and J -inverters is constrained by [26] 
where ω 0 and FBW are the center angular frequency and the fractional bandwidth of the BPF, respectively. When the lowpass prototype filter is selected, element values g 0 , g 1 , g 2 , and g 3 are determined. As to a BPF with center frequency of ω 0 , its bandwidth can be changed by adjusting the values of J 01 and C r1 . The lumped element values for second order Chebyshev lowpass prototype filter are given as g 0 = 1, g 1 = 0.4489, g 2 = 0.4078 and g 3 = 1.1008 [27] . G 0 and G 3 indicate conductance of 0.02 S. The equivalent circuit of the second order BPF using CR cells and J -inverters is displayed in Fig. 1(b) . Circuit parameters can be calculated by [26] 
where ω ai and ω bi are the angular frequencies of TZs that are generated by series L ai C ai and L bi C bi resonators, respectively.
Comparisons of the theoretical frequency responses between BPFs using conventional cells and CR cells are depicted in Fig. 2 . Evidently, the same transmission characteristics in passband are obtained except that the BPF using CR cells owns four extra TZs, which greatly improves the selectivity of the filter. These TZs named TZ 1 , TZ 2 , TZ 3 , and TZ 4 are generated by series 
B. IMPLEMENTATION OF DIPLEXER A
According to the synthesis theory of CR cell based BPF mentioned above, diplexer A is proposed. Fig. 3 depicts the proposed diplexer A using lumped elements. The center frequency of the Channel 1 in the diplexer A is designed at 1 GHz (f 01 ). The center frequency of the Channel 2 is designed at 1.2 GHz (f 02 ). As can be observed, seriesLC resonators L a2 C a2 and L b2 C b2 resonate at f 02 and f 01 , respectively. The proposed diplexer A is directly combined by BPF 1 and BPF 2 without extra matching circuit. The frequency response of diplexer A using lumped element circuit is shown in Fig. 5 (solid line) . As expected, four TZs are obtained in each channel. Besides, outer TZs at f 02 and f 01 are observed. The isolation is all higher than 35 dB from 0.8 GHz to 1.4 GHz. The lumped element values in Fig. 3 are listed in the Table 1 .
In order to realize the diplexer A, it is necessary to transform lumped element circuit into ideal transmission line circuit, series LC resonators of CR cells in Fig. 3 The electrical lengths of open stubs (θ ai , θ bi and θ ai , θ bi ) are π/2 at the frequencies of TZs. J -inverters are realized by quarter-wavelength microstrip lines. The impedance of J -inverters is calculated by Z j = 1/J and the electrical lengths of J -inverters (θ j and θ j ) are π/2 at the center frequency of the BPF.
Therefore, the structure of the proposed diplexer A using ideal transmission line model is exhibited in Fig. 4 . Z in and Z in denote the input impedance of each branch. In addition, θ a2 and θ b2 are set as π/2 at f 02 and f 01 , respectively.
Next, further exploration about the matching mechanism of Channel 1 and Channel 2 is carried out. Because the electrical lengths θ a2 and θ a2 are π/2 at f 02 and f 01 , the input impedance Z in3 and Z in3 of open stubs a 2 and b 2 are calculated by
Then the input impedance of Z in2 and Z in2 is decided by After impedance transformation of the J -inverters (J 01 and J 01 ), the input impedance of Z in1 and Z in1 in Fig. 4 must satisfy
Furthermore, in order to meet the conditions of no reflection at one operation band and total reflection at the other operation band, the equations (9) must be satisfied
In Fig. 4 , equations (8) is equal to (9) under the circumstance of following equations
For the compactness of circuit, n = 1 is selected. Finally, equation (9) is met in Fig. 4 . The frequency response of diplexer A using ideal transmission line model is presented in Fig. 5 with dashed line. Apparently, the simulated results of ideal transmission line model agree well with calculated results of lumped elements model, which verifies the design method of the proposed diplexer. The parameters in Fig. 4 are listed in Table 2 . when diplexer A is working in Channel 2, open stub a 2 in Channel 1 resonates and no current passes Channel 1. Open stub b 2 in Channel 2 resonates and there is no current passing Channel 2 when diplexer A is working in Channel 1.
C. EXPERIMENT RESULTS OF DIPLEXER A
The proposed diplexer A is simulated and fabricated on the RT6010LM substrate. The relative dielectric constant is 10.2 and thickness is 0.635 mm. The simulated and measured results are shown in Fig. 8 . As observed in Fig. 8(a) , the measured center frequencies of the two channels are 0.99 and 1.18 GHz with fractional bandwidth (FBW) of 5.8% and 6.4%, respectively. Frequency discrepancy between the simulated and measured results mainly originates from the fabrication tolerance. The measured minimum insertion loss is 2.09 dB for Channel 1, and 1.88 dB for Channel 2. The measured return loss for two channels is greater than 17.7 dB. Moreover, the measured isolation between two channels is higher than 43 dB from 0.8 GHz to 1.4 GHz in Fig. 8(b) . The measured results show a good agreement with the simulated results. However, due to the direct connected structure, transmission characteristics of the diplexer A in the lower stopband are poor and need to be improved.
III. DIPLEXER B BASED ON COUPLED CR CELLS A. DESIGN OF DIPLEXER B
In order to improve the poor lower and upper stopband performance in diplexer A, one effective way is to replace the quarter-wavelength microstrip lines of J 12 and J 12 by gap coupling.
The structure of the diplexer B based on coupled CR cells and parameter values of circuit are shown in Fig. 9 . It should be noted that the coupled CR cell in each channel is identical. Therefore, the distribution of TZs will be different from diplexer A. Uniform impedance open stubs in Fig. 4 are substituted by stepped-impedance open stubs for size reduction and stopband extension [28] . The equivalent electrical length of stepped-impedance open stub is calculated by
where R is the impedance ratio of Z 3 /Z 4 .
In Fig. 9 , a and a denotes the stepped-impedance open stubs. Similarly, the equivalent electrical lengths of a and a are set as π/2 at f 02 and f 01 , respectively. Thereby, the following equations are satisfied naturally in Fig. 9 .
The same equations (7) and (8) as elaborated in Section II for matching conditions are used to design the proposed diplexer B. Finally, we get the following equations:
Therefore, excellent matching level is attained in Fig. 9 without extra matching circuit. Frequency responses of diplexer B are plotted in Fig. 10 . The center frequencies of Channel 1 and Channel 2 are 1 GHz and 1.5 GHz. Good isolation and multiple TZs are simultaneously obtained except that a spurious frequency is observed at f s about 0.4 GHz in Fig. 10 . It is caused by the resonance of the part which connects to port 1. The design guidelines of the proposed diplexers are summarized into the following steps:
1) According to the given center frequencies of Channel 1 and Channel 2 (i.e., f 01 , and f 02 ), synthesize the open stub to generate TZ at center frequency of the opposite channel. 2) Set the electrical length of J -inverters θ j = π/2 at f 02 and θ j = π/2 at f 01 , respectively. 3) According to the filter specifications such as FBW and passband ripple, design the rest part of the BPF. 4) Combine two designed BPFs directly and the diplexer can be achieved.
B. EXPERIMENT RESULTS OF DIPLEXER B
The photograph of diplexer B is displayed in Fig. 11 , and its geometrical dimensions are w a = 0. J -inverter is to suppress the spurious resonance about 0.43 GHz in Fig. 13(a) . The overall size excluding the feed lines of diplexer B is 45.8 mm × 29.45 mm, about 0.39 λ g × 0.25 λ g , where the λ g is the guided wavelength at the lower channel frequency. The proposed diplexer B is also simulated and fabricated on the RT6010LM substrate. The relative dielectric constant and thickness of the substrate are 10.2 and 0.635 mm, respectively. The diplexers are measured by using the Agilent E5071C vector network analyzer.
Furthermore, analysis of the current distribution at the working bands in diplexer B is conducted. When diplexer B is working at 1 GHz (Channel 1) in Fig. 12(a) , there are no current passing through 1.5 GHz (Channel 2), but the stub a in Channel 2 resonates. Moreover, the stub a in Channel 1 resonates and no current passes through Channel 1 when diplexer B is working at Channel 2 in Fig. 12(b) .
The simulated and measured results of diplexer B are illustrated in Fig. 13 . In Fig. 13(a) , the measured center frequencies are 0.99 GHz and 1.46 GHz with the FBW of 21.3% and 7.9%. Such a frequency shift might be attributed to the fabricated error and deviation of the thickness of dielectric. The measured minimum insertion loss is 1.15 dB and 1.5 dB in the Channel 1 and Channel 2, respectively. The measured maximum return loss in the both channels are higher than 18 dB. As expected, compared with diplexer A, the lowpass property has been eliminated in diplexer B. Moreover, the lower and upper stopband rejections are improved. Multiple TZs are observed, which improves the isolation characteristics and the stopband performance. Furthermore, the isolation level is higher than 40 dB from 0.2 GHz to 2.5 GHz in Fig. 13(b) . Finally, the comparisons of proposed diplexers with other diplexers in references are listed in the Table 3 . It is found that the proposed diplexers A and B show the advantages of multiple TZs and higher isolation.
IV. CONCLUSION
In this paper, a novel design method for high isolation diplexers is proposed. Due to the distribution of TZs at center frequency of the opposite channel and the using of impedance transformations of J -inverters, diplexers can be directly combined by two BPFs. Therefore, the proposed diplexers are accomplished without extra matching circuit, which greatly simplifies the design process of diplexers. Upon this method, diplexer A using CR cells and diplexer B using coupled CR cells with different frequency ratio are simulated and fabricated. Multiple TZs and high isolation are realized in the simulated and measured results. Moreover, simulated results have a great agreement with measured results, which demonstrates the proposed design method of diplexer.
